Objective: To investigate the risk of uterine fibroids and other reproductive risk factors in women with hereditary leiomyomatosis and renal cell cancer (HLRCC).
women had a germline mutation in FH (FH mut positive). The risk of uterine fibroids in FH mut -positive women was statistically significantly increased compared with that in FH mut -negative women (odds ratio [OR], 7.6; 95% confidence interval [CI], 2.9-20.0), as it was among women clinically affected with HLRCC compared with those clinically unaffected with HLRCC (8.6; 3.1-24.0). The median age at uterine fibroid diagnosis for FH mut -positive women (28 years) was significantly younger than that for FH mut -negative women (38 years) (P=.03). Women with a germline mutation in FH or clinically affected with HLRCC reported younger age at menarche (P Ͻ .004) compared with FH mut -negative women (P =.02) or women who were clinically unaffected with HLRCC. Women with HLRCC were more likely to have had treatment for uterine fibroids (OR, 4.6; 95% CI, 1.4-15.8), including hysterectomy (P=.02) at an earlier age compared with women who were clinically unaffected with HLRCC.
Conclusions:
This study provides the first evidence (to our knowledge) that women with germline mutations in FH and with clinical HLRCC have an increased risk of developing uterine fibroids. These women also have a younger age at uterine fibroid diagnosis and are more likely to have treatment for uterine fibroids at a younger age than women without HLRCC in their families.
Arch Dermatol. 2008; 144(12) : [1584] [1585] [1586] [1587] [1588] [1589] [1590] [1591] [1592] U TERINE LEIOMYOMAS (FIbroids), benign smooth muscle tumors of the uterus, are the most common gynecologic tumors in reproductive-aged women, reported in up to 77%. [1] [2] [3] Approximately 25% of women with uterine fibroids report severe pain, menorrhagia, infertility, and pregnancy complications. 1, 4, 5 As a result, uterine fibroids are the most frequent indication for hysterectomy in the United States and are a major public health problem for women of reproductive age. 3, 6, 7 Uterine fibroids increase in prevalence with age, such that women aged 40 to 44 years are at highest risk. 8 The etiology of uterine fibroids is largely unknown. However, uterine fibroids are more common among women who are obese, nulliparous, or African American or who experience menarche before age 11 years. [9] [10] [11] [12] Smoking and oral contraceptive exposure have been inconsistently reported as risk factors. 8, [13] [14] [15] [16] [17] [18] In 1854, Virchow 19 first described cutaneous leiomyomas as rare smooth muscle neoplasms of the skin. Cutaneous leiomyomas are benign mesenchymal tumors with smooth muscle differentiation. Multiple piloleiomyomas are the most common type. The other 2 main types of cutaneous leiomyomas are angioleiomyomas, which occur most frequently in the subcutis and less often in the deep dermis, and genital leiomyomas, which oc-cur in the scrotum, vulva, and nipple areas. Cutaneous leiomyomas may manifest as a solitary lesion; as a clustered, linear, segmental arrangement sometimes involving a whole extremity; or as bilateral, symmetrical, or disseminated lesions. 20, 21 Cutaneous leiomyomas are found most frequently on the extremities, followed by the trunk. 22 Most solitary lesions are sporadic, but in patients with a family history of cutaneous leiomyomas, this tumor represents a manifestation of an inherited predisposition. Most leiomyomas do not spontaneously regress, they may gradually increase in size, and new lesions usually develop over time.
About a century after the first description by Virchow, 19 Kloepfer et al 23 proposed that cutaneous leiomyomas occur in individuals from families exhibiting an autosomal dominant inheritance pattern with incomplete penetrance. In 1973, Reed et al 24 described 2 kindreds in which cutaneous and uterine leiomyomas cosegregated in multiple members during 3 generations in an autosomal dominant pattern. Since then, the association between cutaneous and uterine leiomyomas has been known as Reed syndrome. Other names commonly used to describe this association include multiple cutaneous and uterine leiomyomatosis, leiomyomatosis cutis et uteri, and multiple leiomyomatosis. 22 Numerous unrelated families having 2 or more individuals with cutaneous leiomyomas have been described worldwide. In 2001, Launonen et al 25 described 2 families in whom cutaneous and uterine leiomyomas and a form of papillary renal cell cancer (RCC) segregated together, which they named hereditary leiomyomatosis and renal cell cancer (HLRCC [OMIM 605839]). Hereditary leiomyomatosis and RCC is recognized as the autosomal dominant predisposition to the development of cutaneous and/or uterine leiomyomas and RCC. [25] [26] [27] The susceptibility gene for HLRCC was mapped to the long arm of chromosome 1 in band q42 and was subsequently identified as the fumarate hydratase (FH) gene (Genbank NM000143), which encodes the FH enzyme. [25] [26] [27] [28] In the identification of FH as the HLRCC susceptibility gene, cutaneous leiomyomas were clinically used as a marker of disease status, as these cutaneous lesions are rare in the general population but are the most sensitive and specific clinical marker of the disease among the clinical manifestations of HLRCC. [25] [26] [27] [28] In 2003, investigators at the National Cancer Institute described the first 35 families in North America affected with HLRCC, 27 and 55 families have been described by the National Cancer Institute group. 29, 30 Approximately 76% of families with HLRCC have individuals with cutaneous leiomyoma (1 to Ͼ100 lesions). 27, 30 Therefore, there is variable expression of cutaneous manifestations in HLRCC, ranging from absent to severe involvement. However, cutaneous leiomyomas are pathognomonic for HLRCC. Previous studies 27, 30 showed that 98% to 100% of women with cutaneous leiomyomas had uterine leiomyomas. Most important, women with HLRCC were diagnosed as having uterine fibroids at a mean age of 30 years, and more than 50% underwent hysterectomy for symptomatic uterine fibroids at or before age 30 years. 27 Previously, the association of cutaneous and uterine leiomyomas was assumed based on descriptions of families with cosegregation of both traits, but the presumed association was never evaluated formally. [24] [25] [26] [27] [28] Therefore, we designed a family-based case-control study to investigate whether women with a germline mutation in FH have an increased risk of uterine fibroids, report a younger age at uterine fibroid diagnosis and treatment, and have more treatments, as well as whether they have more uterine fibroid symptoms compared with women in their families without HLRCC or without a germline mutation in FH. Assessing the risk of uterine leiomyomas in women with a germline mutation in FH is important because the prevalence of uterine fibroids is high among the general population. To our knowledge, this is the first epidemiologic study to evaluate the risk and severity of uterine fibroids in women with HLRCC. 
METHODS

PATIENT ASCERTAINMENT AND STUDY DESIGN
DEFINITIONS
A family with HLRCC was defined as a family of 2 or more individuals (first-and second-degree relatives) having at least 1 individual with clinical HLRCC. A case was defined as a woman from a family with at least 1 blood relative with HLRCC who reported having a diagnosis of uterine fibroids, whereas a control was defined as a woman from the same family who did not report a history of uterine fibroids. Exposure groups were based on FH germline mutation status: exposed had a germline mutation in FH (FH mut -positive women), while unexposed did not (FH mut -negative women). In addition, each woman was classified as having or as not having a clinical diagnosis of HLRCC. The clinical diagnosis of HLRCC was defined by the presence of pathologically confirmed cutaneous leiomyomas or RCC with specific histologically confirmed HLRCC. 27 All women having a clinical diagnosis of HLRCC had an FH germline mutation.
SEQUENCING OF THE FH GENE
Blood samples were obtained from interviewed women, and DNA was extracted from peripheral blood leukocytes according to standard procedures. 27 The genomic sequence containing FH was determined by BLAT (BLAST [basic local alignment search tool]-like alignment tool) alignment of the mitochondrial FH precursor complementary DNA (with the assembled genomic sequence (Building 34; National Center for Biotechnology Information, Bethesda, Maryland). Methods for identification of exon and intron boundaries and for high-throughput DNA sequencing were as previously described.
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TELEPHONE INTERVIEW
A telephone interview was conducted using a standardized questionnaire that elicited information regarding various aspects of reproductive history, including pregnancy, uterine fibroids, uterine surgery, hormonal contraceptive use, and menstruation (age at onset, duration, and symptoms). The menstrual history section asked women about their early reproductive life before pregnancy or hormonal contraceptive use. Questions were also asked about demographics, smoking, hypertension, and cutaneous leiomyoma and RCC history. To evaluate the morbidity associated with uterine fibroids, women were asked about their age at diagnosis, uterine fibroid symptoms, age at symptom manifestation, uterine fibroid treatment and age at treatment, and the presence of single or multiple uterine fibroids at diagnosis. Two interviewers (L.S. and an experienced assistant) blinded to the patient's germline mutation and uterine fibroid status administered the questionnaire, which took approximately 30 to 45 minutes. Medical records were obtained for review of radiologic, surgical, or pathologic reports, and histologic slides were obtained to confirm uterine fibroid diagnosis.
STATISTICAL ANALYSIS
Questionnaire data were coded and double-keyed by Westat, Inc (Rockville, Maryland). Analyses were conducted using 2-sided tests (SAS 8.0; SAS Institute Inc, Cary, North Carolina). Participant characteristics were compared between exposure groups using 2 tests. Confounding variables were chosen from previously published associations in the literature or from significant differences noted in the study. For variables that showed statistical differences, effect modification was assessed. Kruskal-Wallis tests were used to determine the statistical significance of variables such as age at diagnosis and age at first surgical treatment. Age group comparisons were based on published data when they were available as a continuous variable, or if no published data were available, the median of the control population was used. Logistic regression analysis was used to identify whether combined factors were jointly associated with the presence or absence of uterine fibroids. We conducted 2 main analyses. The first analysis compared women with and without a germline mutation in FH to evaluate the relationship between uterine fibroids and the presence or absence of an FH germline mutation. The second analysis compared women with and without a clinical diagnosis of HLRCC. All women in the study who had a clinical diagnosis of HLRCC had an FH germline mutation.
RESULTS
MUTATION SCREENING
We identified FH germline mutations in 100.0% (56 of 56) of families with HLRCC. 27, 29, 30 Each missense mutation cosegregated with disease and was absent in more than 160 controls. Seventy-five were FH mut -positive women, while 30 were FH mut -negative women.
GENERAL PATIENT CHARACTERISTICS
Regardless of uterine fibroid status, 75 women were FH mut positive; 60 of them had clinical features of HLRCC, and the other 15 had no clinical evidence of HLRCC. None of 30 women without germline mutations in FH had cutaneous leiomyomas or HLRCC-associated RCC. Of 60 women clinically affected with HLRCC, 59 had cutaneous leiomyomas (9 of whom also had HLRCC-associated RCC), and 1 had HLRCC-associated RCC but no cutaneous leiomyomas. Forty-five women (median age, 42.5 years), including all 30 FH mut -negative women, were clinically unaffected with cutaneous leiomyomas or RCC.
Of 105 women, 77 reported a history of uterine fibroids, and 28 did not. The diagnosis of uterine fibroids was confirmed in 97.4% (75 of 77) by medical records and in 89.6% (69 of 77) by pathologic review of slides obtained after hysterectomy or myomectomy (Figure) . Medical records were unavailable for the 2 women whose uterine fibroid diagnosis was not confirmed. Mild histologic atypia was reported in 6 uterine fibroid cases, but there were no reports of leiomyosarcoma of the uterus. Renal cell cancer was present in 10 women; all cases occurred before ascertainment of the families and were histologically confirmed. The diagnosis of cutaneous leiomyoma was histologically confirmed in all 59 women who reported having cutaneous leiomyomas. Table 1 gives the demographic characteristics for all participants. More than 90% of women were white, and the age at interview ranged from 19 to 81 years.
COMPARISON BY FH GERMLINE MUTATION STATUS
Smoking, Menstrual, Pregnancy, and Hormonal Contraceptive Use History
Smoking history among FH mut -positive and FH mutnegative women did not differ for ever or never smoking, number of cigarettes per day, smoking regularly for at least 1 year, total number of years smoking (Table 1) , or pack-years (data not shown). Menstrual, pregnancy, and hormonal contraceptive use history are given in Table 2 . The age of onset of menarche wassignificantlyyoungerinFH mut -positivewomencompared with FH mut -negative women (P=.02). Similarly, the age of onset of menarche was significantly younger in women clinically affected with HLRCC compared with those clinically unaffected with HLRCC (P =.004). However, no differences were observed in menstrual cycle pattern or symptoms or incontraceptiveuseordurationbetweencomparisongroups. Approximately 75% of women in each comparison group usedhormonalcontraceptivesforatleast1year.Mostofthese women used a combination of estrogen and progesterone. No differences were observed in parity, pregnancy history, trouble getting pregnant, or pregnancy complications between comparison groups. These results are summarized in Table 2 .
Uterine Fibroid Risk Assessment
FH mut -positive women had a significantly increased risk of uterine fibroids compared with FH mut -negative women (odds ratio [OR], 7.6; 95% confidence interval [CI], 2.9-20.0) ( Table 3) . When stepwise logistic regression analysis was conducted for uterine fibroid risk among FH mutnegative vs FH mut -positive women incorporating age at interview, smoking duration, hormonal contraceptive use, and age or school grade at menarche in the model, only age at interview remained, altering the previous OR slightly (OR, 7.9; 95% CI, 2.9-22.0).
In addition, FH mut -negative women who used hormonal contraceptives showed a reduced risk of uterine fibroids. However, this finding was not statistically significant (OR, 0.3; 95% CI, 0.1-1.8) (data not shown, P = .02). These results should be viewed with caution, and this area needs to be studied further because sufficiently detailed information was unavailable to determine whether hormonal contraceptives were used for treatment of uterine fibroids.
Uterine Fibroid Outcomes, Including Age at Diagnosis, Symptoms, and Treatment
The median age at uterine fibroid diagnosis for FH mutpositive women was significantly younger compared with that for FH mut -negative women (28 vs 38 years, P=.03). Moderate or severe pain was more commonly reported by FH mut -positive women than by FH mut -negative women who underwent myomectomy and hysterectomy (61% vs 39% and 60% vs 25%, respectively) (data not shown). These symptoms may have contributed to the age at uterine fibroid diagnosis. Knowledge of the number of uterine fibroids was unavailable for many women and could not be considered for its effect on risk of treatment.
COMPARISON BY HLRCC CLINICAL STATUS
Women clinically affected with HLRCC were significantly older (P=.001) and reported smoking longer (Յ11 vs Ͼ11 years, P = .04) compared with women clinically unaffected with HLRCC (Table 1) . Women clinically affected with HLRCC reported younger age at menarche than women clinically unaffected with HLRCC (P=.004) ( Table 2) . Women with clinical HLRCC who used hormonal contraceptives had a significantly increased risk of uterine fibroids (OR, 7.8; 95% CI, 1.3-48.3). Women without clinical HLRCC who used hormonal contraceptives showed a reduced risk of uterine fibroids, which was not statistically significant (OR, 0.3; 95% CI, 0.05-2.4) (data not shown, P = .20). These results need to be studied further because sufficiently detailed information was unavailable to determine whether hormonal contraceptives were used for treatment of uterine fibroids.
The risk of uterine fibroids in women with a clinical diagnosis of HLRCC was significantly elevated compared with that in women without a clinical diagnosis of HLRCC (OR, 8.6; 95% CI, 3.1-24.0) ( Table 3) . Compared with women who were HLRCC unaffected and FH mut positive and with women who were HLRCC unaffected and FH mut negative, women who were HLRCC affected and FH mut positive showed a significantly increased risk of uterine fibroids (OR, 4.5; 95% CI, 1.0-21.6; and 11.8; 3.5-42.1, respectively). When stepwise logistic regression analysis was conducted for uterine fibroid risk among women affected with HLRCC vs women unaffected with HLRCC, none of the potential confounding variables contributed to clinical status.
Women affected clinically with HLRCC were significantly more likely to have had surgical treatment for uterine fibroids (OR, 4.6; 95% CI, 1.2-17.8; P = .02) compared with women who were unaffected clinically with HLRCC ( Table 4) . Women clinically affected with HLRCC were first treated for uterine fibroids at a younger median age than women clinically unaffected with HLRCC (31.5 vs 37.0 years, P=.03), reporting a younger age at hysterectomy (Յ42.5 vs Ͼ42.5 years, P =.02).
COMMENT
To our knowledge, this is the first epidemiologic study to investigate reproductive health risk factors in women with HLRCC. We showed that women with an FH germline mutation and women with clinical HLRCC (cutaneous leiomyomas or HLRCC kidney cancer) have an 8-to 9-fold increased risk of developing uterine fibroids. Since the original description in 1973 by Reed et al, 24 the association of cutaneous and uterine leiomyomas was assumed based on descriptions of families with cosegregation of both traits, but the presumed association was never formally evaluated. [25] [26] [27] [28] In families with HLRCC, the risk assessment, baseline screening, surveillance, and clinical management de- pend on accurate identification of individuals at risk. Because cutaneous leiomyomas are the earliest and most common manifestation, dermatologists are frequently the first physicians seen by patients with HLRCC. The presence of multiple cutaneous leiomyomas or family history of RCC, cutaneous leiomyomas, or early-onset symptomatic uterine fibroids should raise a high level of suspicion of HLRCC. Establishing the correct diagnosis of cutaneous leiomyoma is an initial step in the clinical diagnosis of HLRCC. This can be challenging for the dermatologist, especially when patients have a single lesion or a few cutaneous leiomyomas. Quantifying the risk of uterine fibroids is of critical importance to women with HLRCC. We assessed the risk of uterine fibroids by FH germline mutation carrier status and by HLRCC clinical status in women in this study, among whom 80% (60 of 75) of women with an FH germline mutation had cutaneous leiomyomas. Therefore, it is important for dermatologists to be familiar with the quantified risk of uterine fibroids in women with HLRCC and to refer them for appropriate gynecologic evaluation. The prevalence of uterine fibroids increases with age, becoming most prevalent in the general population among women aged 40 to 44 years. 12 However, in this study, uterine fibroids were diagnosed at a significantly younger age in women with a germline mutation in FH compared with those without a germline mutation in FH (median, 28 vs 38 years). This is also significantly younger than the age in the general population. 12 Women with HLRCC had a 5-fold increased risk of having treatment for uterine fibroids and were younger than women without HLRCC at myomectomy or hysterectomy. Almost two-thirds of women who had surgical treatment reported moderate to severe pain before surgery. In our study overall, 73.3% of HLRCC-affected women and 74.4% of FH mut -positive women reported dysmenorrhea and pain, symptoms previously described with uterine fibroids 31, 32 and at much higher rates than the 20% to 50% reported in the general population. 1, 3, 32 In this study, we also found that women with an FH germline mutation, and specifically women with clinical HLRCC, experienced menarche at a younger age than women without an FH germline mutation or women without clinical HLRCC. Early menarche has been previously reported to increase the risk of developing uterine fibroids. 8, 17, 33 Menorrhagia, the most frequently reported symptom in women with uterine fibroids, 34 was common among our study population but did not differ between the comparison groups. This is not surprising because uterine bleeding is difficult to quantify accurately by verbal reports. Other menstrual cycle characteristics did not differ between the comparison groups.
Women with HLRCC who used hormonal contraceptives seemed to be at a significantly increased risk of developing uterine fibroids. Given the early age at uterine fibroid diagnosis, the high proportion with symptoms and treatment, and the small sample size of affected with HLRCC, it is difficult to know whether the use of hormonal contraceptives led to the development of uterine fibroids or was merely a treatment for symptoms. Women without an FH germline mutation and women who were clinically unaffected by HLRCC had a lower risk of having uterine fibroids associated with hormonal contraceptive use, an observation similar to that in the general population. 8 These findings could be better assessed and confirmed with a longitudinal study rather than a crosssectional study.
Some evidence suggests that uterine fibroids may cause infertility. 15 Neither parity nor infertility was associated with uterine fibroids in this study. Pregnancy has been postulated to be protective against developing uterine fibroids, as increasing parity is inversely associated with uterine fibroids. 10 The high proportion of women with clinical HLRCC reporting that they were not trying to get pregnant and the small sample size may have hampered our ability to detect an increased risk of infertility. Consistent with previous findings but in contrast to others, 25 women with HLRCC in this study did not develop uterine leiomyosarcoma. This issue requires further study because the risk of leiomyosarcoma has important surveillance and management implications for women considering hysterectomy for uterine fibroids. The sample size and cross-sectional nature of our study precluded further evaluation of this question.
In this study of women with HLRCC, a germline mutation in FH seems to increase susceptibility for uterine fibroids. Familial clustering of uterine fibroids in the general population suggests that uterine fibroids may have a significant genetic component. [35] [36] [37] In 2004, genetic linkage analysis of 123 families with uterine fibroids (but not HLRCC) and with at least 1 affected sib pair suggested FH locus linkage to the long arm of chromosome 1 in band q42 among women younger than 40 years at diag- nosis. 38 Using fluorescent in situ hybridization, a copy of FH was absent in 9 of 11 uterine fibroid samples from women in these families. 38 In another study, 39 single and biallelic somatic FH inactivation was reported in some sporadic uterine fibroids. Overall, laboratory investigations demonstrate a loss of heterozygosity mapped to the long arm of chromosome 1 in band q42 around the FH locus in HLRCC-associated uterine fibroids, suggesting that FH acts as a tumor suppressor gene. 40 Hypoxia pathways may also be involved in the development of uterine fibroids, as fibroids exhibit and upregulation of HIF1 targets such as VEGF (vascular endothelial growth factor) and BNIP1 (BCL2/adenovirus E1B 19-kDa interacting protein 1) and downregulation of TSP1. 41 In addition, in vitro investigations indicate that increased intracellular fumarate directly impairs HIF prolyl hydroxylase and leads to accumulation of HIF. 42 These data suggest that loss of FH might be an important event in the pathogenesis of a subset of familial uterine fibroids.
Hereditary leiomyomatosis and renal cell cancer is a rare syndrome, which limited the sample size in this study. However, the high response rate (89.7%) allowed us to identify that women with HLRCC have an increased risk of developing uterine fibroids. The small sample size did not allow sufficient power to detect effects by stratification or condition on family in the analyses. Because participants were selected from families with HLRCC evaluated at the National Institutes of Health, our study could be biased toward women who sought medical care or who had symptoms. Furthermore, recall bias is a limitation in studies requiring women to remember specific dates and symptoms of major reproductive events such as menstrual, pregnancy, and contraceptive use history. This was a cross-sectional study of families, and young FH germline mutation carriers may develop uterine fibroids in the future. Prospective follow-up of families with HLRCC will be required to evaluate these issues further and to determine their effects on the results.
CONCLUSIONS
To our knowledge, this study provides the first statistical evidence that women with germline mutations in FH and women with clinical HLRCC have an increased risk of developing uterine fibroids, are diagnosed as having uterine fibroids at an earlier age, and are more likely to have treatment for uterine fibroids at a younger age than their family members without clinical HLRCC or without germline mutations in FH. Therefore, HLRCC-associated uterine fibroids may represent a distinct gynecologic entity. Cutaneous leiomyoma is the most sensitive and specific clinical marker of HLRCC. [25] [26] [27] [28] [29] [30] Therefore, if genetic testing is unavailable, a dermatologic examination for cutaneous leiomyomas can be used to identify high-risk women with HLRCC. Women with cutaneous leiomyomas may be informed of their uterine fibroid risk. In addition, if genetic testing is available, it may be used to detect highrisk women in these families, especially women without cutaneous manifestations. Awareness of the diagnosis of HLRCC also benefits patients as an alert to the need to screen for renal tumors, as patients with HLRCC are also at risk of aggressive renal cell cancer. Our study contributes to the understanding of the genetic basis of hereditary uterine fibroids. Future investigation of HLRCC will help to elucidate the etiology of HLRCC-associated uterine fibroids and the role of FH germline mutations among women in the general population.
